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1
SOLAR CELL

TECHNICAL FIELD

The present invention relates to a solar cell.

BACKGROUND ART

In recent years, trials using rugged structures finer than
wavelengths of solar light, so-called sub-wavelength struc-
tures, are actively carried out as a surface structure of a solar
battery cell (for example, Patent Literatures 1 to 3, and Non-
patent Literature 1). Its motive lies in a respect that an anti-
reflection effect higher than that of an antireflection film of'a
thin film can be achieved by the sub-wavelength structure. As
a surface antireflection structure of the solar battery cell, a
textured structure formed by wet etching with an alkali solu-
tion or acid solution is most generally used at present. It is
expected that replacement of this with the sub-wavelength
structure make it possible to realize a lower reflectivity and to
increase an output current of the solar battery cell. For
example, Nonpatent Literature 1 shows that increase of the
output current by the antireflection effect is possible by using
the nanopillar array structure among the sub-wavelength
structures that will be described later as the surface structure
of the solar battery cell.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Unexamined Patent Application
Publication No. 2007-328096

Patent Literature 2: Japanese Unexamined Patent Application
Publication No. 2010-219495

Patent Literature 3: Japanese Unexamined Patent Application
Publication No. 2009-128543

Nonpatent Literature
Nonpatent Literature: IEDM Tech. Dig., pp. 704-707 (2010).
SUMMARY OF INVENTION
Technical Problem

Since further photoelectric conversion efficiency is desired
to increase in the next generation solar cell, the inventors have
paid attention to the solar battery cell that uses the nanopillar
array structure among sub-wavelength structures from a
viewpoint of improvement of an antireflection effect and have
investigated it. The nanopillar array structure is a structure
such that nanopillars 4 of a diameter finer than wavelengths of
solar light 3 are arranged periodically on a substrate 1, as
shown in FIG. 9. Below, although description will be given
taking a cylinder for an example as a shape of the nanopillar
4, the present invention can be applied to cases of other shapes
such as a square pillar. Moreover, as shown in FIG. 9,
although it is assumed that the solar light 3 travels in a height
direction of the nanopillar 4 and enters into the nanopillar
array structure from air, the present invention can also be
applied to a case where the height direction of the nanopillar
4 and a travel direction of the solar light 3 do not coincide with
each other.

A feature of the antireflection effect by the nanopillar array
structure will be described. FIG. 10 (@) shows a reflectivity
spectrum of a Si specular surface, FIG. 10 (4) shows one
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example of a reflectivity spectrum of a Si textured structure,
and FIG. 10 (¢) shows one example of a reflectivity spectrum
of'a Sinanopillar array structure, respectively. The reflectivity
spectra are calculation results by a two-dimensional FDTD
method (Finite Differential Time Domain method). Upon
comparison of FIG. 10 (a) and FIG. 10 (b), it is understood
that although an absolute value of the reflectivity is reduced
by changing a surface shape from the specular surface to the
textured structure, a shape of the reflectivity spectrum does
not vary. On the other hand, when seeing FIG. 10 (a), it is
understood that processing the surface into a nanopillar struc-
ture makes not only the absolute value of the reflectivity but
also the shape of the reflectivity spectrum vary. Specifically,
according to FIG. 10 (a) and FIG. 10 (), although in a
reflectivity spectrum of'the case where the surface shape is the
specular surface or the textured structure, a point of maxi-
mum reflectivity exists in the vicinity of a wavelength of 360
nm, in a wavelength region other than this, a monotonous
behavior that the longer the wavelength, the lower the reflec-
tivity becomes is observed. On the other hand, according to
FIG. 10 (¢), multiple points of maximum reflectivity and
multiple points of minimum reflectivity exist in the reflectiv-
ity spectrum in the case where the surface shape is the nano-
pillar array structure, and there is a feature that the reflectivity
varies non-monotonously to the wavelength. In the nanopillar
array structure, diffraction of light takes place and a diffrac-
tion condition affects the value of the reflectivity. It is con-
sidered that the reflectivity spectrum shows a non-monoto-
nous behavior with multiple maximum points and minimum
points because light wavelengths that fulfill the diffraction
condition take discrete values.

The dimension parameters that characterize the nanopillar
array structure are three: a diameter and a height of the nano-
pillar and an inter-nanopillar gap. Patent Literature 1 dis-
closes that a reflectivity spectrum of the nanopillar array
structure varies depending on the above-mentioned dimen-
sion parameters. This is because the above-mentioned dif-
fraction conditions vary depending on the dimension param-
eters of the nanopillar array structure. In order to use the
nanopillar array structure as a surface antireflection structure
of'the solar battery cell, it is required to reduce the reflectivity
in a wavelength region of solar light by adjustment of the
above-mentioned dimension parameters. As an application
example of the nanopillar array structure to the solar battery
cell, a method of providing an uneven shape of a sub-wave-
length in a transparent electrode on the surface of the solar
battery cell is disclosed in Patent Literature 2, and a method of
further providing a sub-wavelength structure on the textured
structure is disclosed in Patent Literature 3, respectively.
However, as described above, the reflectivity of the nanopillar
array structure becomes a minimum only at discrete wave-
lengths, and increase of a value of the reflectivity is unavoid-
able at wavelengths between these minimum points. It is
difficult to realize a nanopillar array structure capable of
preventing reflection of lights over a broad wavelength region
like solar light only by adjustment of the above-mentioned
dimension parameters. On the other hand, a method of real-
izing a diffraction grating with a high diffraction efficiency
within the broad wavelength region by means of a nanopillar
array structure whose dimension parameters are modified
using a fact that the diffraction condition of the nanopillar
array structure depends on the above-mentioned dimension
parameters is disclosed by Patent Literature 1. However, it has
not become clear that what kind of role each of the diameter
and the height of the nanopillar and the inter-nanopillar gap
among the dimension parameters plays in antireflection,
respectively, and therefore a method for realizing the nano-
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pillar array structure capable of preventing reflection within
the broad wavelength region has not been established con-
ventionally.

The present invention is made in view of this situation, and
an object of the invention is to realize a solar battery cell that
has, as the surface structure, the nanopillar array structure
capable of preventing reflection within the broad wavelength
region of solar light. The above-mentioned and other objects
of the present invention and new features will become clear
from a description and accompanying drawings of this speci-
fication.

Solution to Problem

Be briefly described a typical one of the inventions dis-
closed in the present application, it is as follows. That is, it is
a solar cell, which has a substrate, a first nanopillar connected
with the substrate, and a second nanopillar connected with the
substrate, and is characterized by a diameter of the second
nanopillar being larger than a diameter of the first nanopillar.

Advantageous Effects of Invention

According to the present invention, by providing the nano-
pillars having different diameters, it is possible to realize the
solar battery cell that has the nanopillar array structure
capable of preventing reflection within the broad wavelength
region of solar light.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a sectional view of a surface structure of a solar
battery cell according to a first embodiment of the present
invention.

FIG. 2 is afirst top view of the surface structure of the solar
battery cell according to the first embodiment of the present
invention.

FIG. 3 is a second top view of a surface structure of the
solar battery cell according to the first embodiment of the
present invention.

FIG. 4 is a third top view of a surface structure of the solar
battery cell according to the first embodiment of the present
invention.

FIG. 5 is a sectional view of a surface structure of the solar
battery cell according to a second embodiment of the present
invention.

FIG. 6 is a top view of the surface structure of the solar
battery cell according to the second embodiment of the
present invention.

FIG. 7 is a sectional view of a surface structure and an
impurity layer of a solar battery cell according to a third
embodiment of the present invention.

FIG. 8 is a sectional view of the surface structure and an
impurity layer of another solar battery cell according to the
third embodiment of the present invention.

FIG. 9 is a bird’s-eye view of a conventional solar battery
cell that has a nanopillar array structure on its surface.

FIG. 10 shows reflection spectra, in which (a) is the case of
a Si specular surface, (b) is one example of the case of a Si
textured structure, and (c) is one example of the case of'a Si
nanopillar array structure.

FIG. 11 shows reflection spectra, in which (a) is the case of
a Si nanopillar array structure of 40 nm in diameter, 200 nm
in height, and 40 nm in inter-nanopillar gap; (b) is the case of
a Si nanopillar array structure of 40 nm in diameter, 200 nm
in height, and 120 nm in inter-nanopillar gap; (c) is the case of
a Si nanopillar array structure of 120 nm in diameter, 200 nm
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in height, and 40 nm in inter-nanopillar gap; (d) is the case of
a Si nanopillar array structure of 120 nm in diameter, 200 nm
in height, and 120 nm in inter-nanopillar gap; and (e) is the
case of a Si nanopillar array structure of 120 nm in diameter,
600 nm in height, and 120 nm in inter-nanopillar gap.

FIG. 12 is a reflectivity spectrum of a Si nanopillar array
structure of D1=40 nm, D2=120 nm, H=200 nm, and G=40
nm in the surface structure of the solar battery cell according
to the first embodiment of the present invention.

FIG. 13 (a) is areflectivity spectrum ofa Si nanopillar array
structure of D1=40 nm, D2=120 nm, H1=200 nm, H2=800
nm, and G=40 nm in the surface structure of the solar battery
cell according to the second embodiment of the present inven-
tion, and (b) is a light intensity distribution along a height
direction of the nanopillar in the Si nanopillar array structure
of 120 nm in diameter, 600 nm in height, and 120 nm in
inter-nanopillar gap.

FIG. 14 shows rates of increase R/R0 of a transverse direc-
tion resistance of the impurity layer in the solar battery cell
according to a third embodiment of the present invention, in
which a solid line corresponds to a case of a structure of this
third embodiment, and a dashed line corresponds to a case of
a structure of a comparative example of this third embodi-
ment, respectively.

FIG. 15 shows rates of increase N/NO of the number of
photocarriers occurring in the impurity layer in the solar
battery cell according to the third embodiment of the present
invention, in which a solid line corresponds to the case of the
structure of this third embodiment, and a dashed line corre-
sponds to the case of the structure of the comparative example
of'this third embodiment, respectively.

DESCRIPTION OF EMBODIMENTS
First Embodiment

FIG. 1 is a sectional view of a surface structure of a solar
battery cell according to a first embodiment of the present
invention. Generally, although the solar battery cell is com-
prised of a pn junction, a passivation film, an electrode, etc.,
FIG. 1 does not show these explicitly, but shows only a
substrate 1 and its surface structure. A feature of the structure
of'this first embodiment lies at a point of having a nanopillar
array structure 21 that is comprised of two types of nanopil-
lars 11, 12 formed on the substrate 1 and having different
diameters. FIG. 1 shows the nanopillar array structure 21
comprised of the nanopillar 11 of diameter D1 and the nano-
pillar 12 of diameter D2. Incidentally, a relationship of the
diameters of the nanopillars was set to D1<D2 in this embodi-
ment. Moreover, a pillar height H is set to the same value for
both the nanopillar 11 of diameter D1 and the nanopillar 12 of
diameter D2. Moreover, as shown in FIG. 1, the solar battery
cell is configured so that an inter-pillar gap G may have a
constant value everywhere in a plane. As will be described
later, a reason that antireflection within a broad wavelength
region is possible with the configuration of this first embodi-
ment lies essentially in the use of multiple nanopillars having
different diameters, and it is not necessarily required for a
value of the inter-nanopillar gap G to take multiple values in
the plane. However, as will be shown in below-described F1G.
3 and FIG. 4, there may be a case where it is impossible to set
the value of the inter-nanopillar gap G constant everywhere in
the plane depending on an arrangement pattern of the nano-
pillars. Therefore, the structure of this first embodiment shall
include a structure such that the value of the inter-nanopillar
gap G takes multiple values in the plane. The structure shown
in FIG. 1 can be manufactured by forming a resist pattern in
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which diameters are different using a publicly known photo-
lithography technology and subsequently performing pub-
licly known dry etching using the resist pattern as a mask.
Incidentally, a region between a dashed line Al and a dashed
line B1 in FIG. 1 shows a unit structure of the nanopillar array
structure.

FIG. 2 is afirst top view of the surface structure of the solar
battery cell according to this first embodiment. The substrate
1 is not illustrated. Although FIG. 2 shows a structure in
which the nanopillar 11 of diameter D1 and the nanopillar 12
of diameter D2 are arranged in a checkerboard pattern, the
arrangement pattern may be other kinds such as a triangular
grid. A periodic arrangement is desirable.

In the above, the solar battery cell that has the nanopillar
array structure 21 comprised of two types of nanopillars
having different diameters was described, but this first
embodiment is also applicable to a solar battery cell that has
the nanopillar array structure comprised of three or more
types of nanopillars having different diameters. Below, two
examples in each of which an arrangement pattern of the
nanopillar array structure is different will be given as the solar
battery cell that has the nanopillar array structure comprised
of three types of nanopillars having different diameters.

FIG. 3 is a second top view of the surface structure of the
solar battery cell according to this first embodiment. A feature
of the surface structure of the solar battery cell shown in FIG.
3 lies in arespect that ithas a first nanopillar array structure 22
comprised of three types of nanopillars having different
diameters: a nanopillar 13 of diameter D3, a nanopillar 14 of
diameter D4, and a nanopillar 15 of diameter D5. Inciden-
tally, a relationship of the diameters of the nanopillars was set
to D3<D4<D5. As described above, in the arrangement pat-
tern shown in FIG. 3, the value of the inter-nanopillar gap G
is not constant in the plane and, for example, an inter-nano-
pillar gap G34 between the nanopillar 13 of diameter D3 and
the nanopillar 14 of diameter D4 is smaller than an inter-
nanopillar gap G45 between the nanopillar 14 of diameter D4
and the nanopillar 15 of diameter D5.

FIG. 41s a third top view of the surface structure ofthe solar
battery cell according to this first embodiment. A feature of
the surface structure of the solar battery cell shown in FIG. 4
lies in a respect that it has a second nanopillar array structure
23 comprised of three types of nanopillars having different
diameters: a nanopillar 16 of diameter D6, a nanopillar 17 of
diameter D7, and a nanopillar 18 of diameter D8. Inciden-
tally, a relationship of the diameters of the nanopillars was set
to D6<D7<D8. Also in the arrangement pattern shown in FI1G.
4, the value of the inter-nanopillar gap G is not constant in the
plane and, for example, an inter-nanopillar gap G67 of the
nanopillar 16 of diameter D6 and the nanopillar 17 of diam-
eter D7 is larger than an inter-nanopillar gap G68 of the
nanopillar 16 of diameter D6 and the nanopillar 18 of diam-
eter D8.

According to this first embodiment, it is possible to realize
the solar battery cell that has a nanopillar array structure
capable of preventing reflection within the broad wavelength
region of solar light. Below, the reason will be explained.
First, a change that appears in a reflectivity spectrum of the
nanopillar array structure when changing the dimension
parameters of the nanopillar array structure is shown. FIG. 11
(a) shows a calculation result of a reflectivity spectrum of'a Si
nanopillar array structure of 40 nm in diameter, 200 nm in
height, and 40 nm in inter-nanopillar gap. The reflectivity
takes a minimum at a wavelength of 460 nm. In this nanopillar
array structure, a calculation result of a reflectivity spectrum
of'a Sinanopillar array structure of 40 nm in diameter, 200 nm
in height, and 120 nm in inter-nanopillar gap that is changed
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only in the inter-nanopillar gap is shown in FIG. 11 (5). A
point of minimum reflectivity is a wavelength of 420 nm,
which shifts to the short wavelength side by 40 nm compared
with a case of the Si nanopillar array structure of 40 nm in
diameter, 200 nm in height, and 40 nm in inter-nanopillar gap.
On the other hand, a reflectivity spectrum of a Si nanopillar
array structure of 120 nm in diameter, 200 nm in height, and
40 nm in inter-nanopillar gap that is changed only in diameter
from the Si nanopillar array structure of 40 nm in diameter,
200 nm in height, and 40 nm in inter-nanopillar gap becomes
a spectrum having the point of minimum reflectivity at a
wavelength of 560 nm, as shown in FIG. 11 (¢). A shift
amount of the point of minimum reflectivity when the inter-
nanopillar gap is changed by 80 nm is 40 nm from a compari-
son of FIG. 11 (@) and F1G. 11 (), whereas upon comparison
of FIG. 11 (a) and FIG. 11 (¢), the shift amount of the point of
minimum reflectivity when the diameter is changed by 80 nm
is 100 nm. That is, a shift of the point of minimum reflectivity
is more remarkable by changing the diameter than by chang-
ing the inter-nanopillar gap.

Furthermore, a calculation result of the reflectivity spec-
trum of a Si nanopillar array structure of 120 nm in diameter,
200 nm in height, and 120 nm in inter-nanopillar gap obtained
by changing both the diameter and the inter-nanopillar gap
from the Si nanopillar array structure of 40 nm in diameter,
200 nm in height, and 40 nm in inter-nanopillar gap becomes
as shown in FIG. 11 (d), and the point of minimum reflectivity
exists at a wavelength of 620 nm. The shift amount of the
point of minimum reflectivity when the inter-nanopillar gap is
changed by 80 nm is 60 nm from a comparison of FIG. 11 (¢)
and FIG. 11 (d), whereas upon comparison of FIG. 11 (5) and
FIG. 11 (d), the shift amount of the point of minimum reflec-
tivity when the diameter is changed by 80 nm is 200 nm. From
this, a tendency that the shift of the point of minimum reflec-
tivity is more remarkable by changing the diameter than by
changing the inter-nanopillar gap that was obtained from a
comparison of the above-mentioned F1G. 11 (a), FIG. 11 (b),
and FIG. 11 (¢) was reconfirmed. Moreover, from the com-
parison of FIG. 11 (a) and FIG. 11 (¢) and a comparison of
FIG. 11 (b) and F1G. 11 (d), a tendency that when the diameter
is made to increase, the point of minimum reflectivity shifts to
the long wavelength side is understood. On the other hand, in
a comparison of FIG. 11 (@) and FIG. 11 (b), when the
inter-nanopillar gap is made to increase, the point of mini-
mum reflectivity shifts to the short wavelength side; whereas
in a comparison of FIG. 11 (¢) and FIG. 11 (d), when the
inter-nanopillar gap is made to increase, the point of mini-
mum reflectivity shifts to the long wavelength side. From this,
it can be said that a change of the inter-nanopillar gap and a
shift of the point of minimum reflectivity are not in a rela-
tionship of mutual monotonous increase or monotonous
decrease.

Finally, a reflectivity spectrum of a Si nanopillar array
structure of 120 nm in diameter, 60 nm in height, and 120 nm
in inter-nanopillar gap obtained by changing only the height
from the Si nanopillar array structure of 120 nm in diameter,
200 nm in height, and 120 nm in inter-nanopillar gap is shown
in FIG. 11 (e). Upon comparison of FIG. 11 (d) and FIG. 11
(e), a feature that the number of the points of minimum
reflectivity increases by increasing the height is observed.
Moreover, from a fact that a value of the reflectivity obtained
by taking a simple average of the reflectivities in wavelengths
01300 nm to 800 nm is 13% in both cases of FIG. 11 (d) and
FIG. 11 (e), it is understood that the average of the reflectivity
does not vary even when the height is varied.

Summarizing roles of the dimension parameters in the
reflectivity spectrum of the nanopillar array structure based
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on the reflectivity spectra shown in FIG. 11 (a) to FIG. 11 (e),
they become as follows. A change of the diameter causes a
shift of the point of minimum reflectivity. Specifically, the
point of minimum reflectivity shifts to the long wavelength
side with the increase in diameter. Moreover, a change of the
height causes a variation of the number of the points of
minimum reflectivity. Specifically, the number of the points
of minimum reflectivity increases with the increase in height.
However, the change of the height does not cause a change of
the average of the reflectivity. Finally, the change of the
inter-nanopillar gap does not affect the number of the points
of minimum reflectivity and causes the shift of the point of
minimum reflectivity, but a magnitude of the shift is small
compared with the shift by the change of the diameter. Fur-
thermore, regarding the shift of the point of minimum reflec-
tivity by the change of the inter-nanopillar gap, it is not
decided monotonously whether it is a shift to the long wave-
length side, or a shift to the short wavelength side.

In order to realize the nanopillar array structure capable of
preventing reflection within the broad wavelength region of
solar light, it is expected that a method of using multiple
nanopillars having different diameters is effective by consid-
ering respective roles of the diameter, the height, and the
inter-nanopillar gap described above. That is, since the nano-
pillar array structures in which diameters are different have
different points of minimum reflectivity, itis expected that the
nanopillar array structure in which the points of minimum
reflectivity exist over the broad wavelength region can be
realized by combining them. Below, this expectation will be
verified.

FIG. 12 is a calculation result of a reflectivity spectrum of
a Si nanopillar array structure of D1=40 nm, D2=120 nm,
H=200 nm, and G=40 nm in the structure shown in FIG. 1.
The reflectivity has two minimum points at a wavelength of
440 nm and the wavelength of 620 nm. Since the wavelength
of the former almost coincides with the points of minimum
reflectivity in FIG. 11 (a) and FIG. 11 (b), it is understood that
it is the point of minimum reflectivity resulting from the
nanopillar of 40 nm in diameter. On the other hand, since the
wavelengths of the latter almost coincide with the points of
minimum reflectivity in FIG. 11 (¢) and FIG. 11 (d), it is
understood that it is the point of minimum reflectivity result-
ing from the nanopillar of 120 nm in diameter. This gives
evidence for the expectation that the nanopillar array struc-
ture that is capable of preventing reflection within the broad
wavelength region and has the points of minimum reflectivity
resulting from respective diameters simultaneously by com-
bining multiple nanopillars having different differs is realiz-
able. Showing the effect of this first embodiment with values
of the reflectivity that are weight-averaged with respect to a
photon number spectrum of solar light, the average reflectiv-
ity of the Si nanopillar array structure of 40 nm in diameter,
200 nm in height, and 40 nm in inter-nanopillar gap is 16.0%,
and the average reflectivity of the Si nanopillar array structure
of 120 nm in diameter, 200 nm in height, and 120 nm in
inter-nanopillar gap is 13.3%; whereas in the structure shown
in FIG. 1, an average reflectivity of the Si nanopillar array
structure of D1=40 nm, D2=120 nm, H=200 nm, and G=40
nm is 11.5%, in the structure shown in FIG. 3, an average
reflectivity of a Si nanopillar array structure of D3=40 nm,
D4=60 nm, D5=120 nm, H=200 nm, and G=40 nm calculated
by a two-dimensional FDTD method is 9.2%, and therefore it
has turned out that it can improve an antireflection effect
compared with the conventional nanopillar.

Moreover, since the sub-wavelength structure such as the
nanopillar also has an effect of optical confinement, it is
possible to attain securing of optical absorption of the solar
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battery cell and reduction of the thickness of an optical
absorption layer simultaneously. The reduction of the thick-
ness of the optical absorption layer not only reduces a mate-
rial cost but also shortens a carrier migration length inside the
solar battery cell, and thereby it can suppress recombination
and increase an output voltage of the solar battery cell.

The above is a reason that it is possible to realize the solar
battery cell that has the nanopillar array structure capable of
preventing reflection within the broad wavelength region of
solar light according to this first embodiment. In the structure
of'this first embodiment, a numeric value range of especially
suitable dimension parameters will be written. In the case of
the nanopillar array structure comprised of two types of nano-
pillars having different diameters, it is desirable to combine a
nanopillar of 20 to 50 nm (less than 50 nm) in diameter and a
nanopillar of 50 to 150 nm in diameter. In the case of the
nanopillar array structure comprised of three types of nano-
pillars having different diameters, it is desirable to combine
the nanopillar of 20 to 50 nm (less than 50 nm) in diameter, a
nanopillar of 50 to 90 nm (less than 90 nm) in diameter, and
a nanopillar of 90 to 150 nm in diameter. Regarding the
height, it is desirable that it is more than or equal to 100 nm in
order to realize antireflection, and it is desirable from a view-
point of manufacturing possibility that it is less than or equal
to 1000 nm. Although the inter-nanopillar gap has a small
influence exerted on the shift of the point of minimum reflec-
tivity compared with the diameter, as described above, it
cannot be a fully arbitrary value at all. In order to control the
shift of the point of minimum reflectivity, it is desirable that a
size of the inter-nanopillar gap is in a range of V5 to five times
the diameter. Moreover, at the time of formation of the nano-
pillar, a taper usually occurs on the shape of the nanopillar.
When the inter-nanopillar gap is small, there is also an appre-
hension that the nanopillar of a desired height is not obtained
because tapers of adjacent nanopillars come in contact. When
setting up the size of the inter-nanopillar gap, it is necessary to
also consider the point.

In the structure of this first embodiment, a material that the
nanopillar includes is a semiconductor material used for the
optical absorption layer of the solar battery cell, or a semi-
conductor material or insulation material used for the passi-
vation film or a buffer layer, or a transparent conducting film
material, or a laminated product of these materials. The semi-
conductor materials used for the optical absorption layer of
the solar battery cell are Si, CdTe, CulnGaSe, InP, GaAs, Ge,
etc., and these can take various structures such as a single
crystal, a polycrystal, a crystallite, and amorphous. These
semiconductor layers may be the substrate 1 as itself, and may
be formed by film formation methods such as a CVD method,
a sputtering method, an epitaxy method, and a vapor deposi-
tion method. The semiconductor materials or insulation mate-
rials that are used for the passivation film and the buffer layer
are Si0,, SiN (silicon nitride), amorphous Si, CdS, etc. For-
mation of these semiconductor materials or insulation mate-
rials may be performed by oxidization, nitriding, etc. of the
semiconductor material used for the above-mentioned optical
absorption layer of the solar battery cell, or these may be
formed by film formation methods such as the CVD method,
the sputtering method, the epitaxy method, and the vapor
deposition method. The transparent conducting film materi-
als are oxides containing such elements as In, Zn, Sn, Ga, etc.
and compound oxides of them, to which additives such as
fluoride may be added. Formation of these transparent con-
ducting film materials is performed by the sputtering method,
the CVD method, an application method, a printing method,
etc. Moreover, in addition to the above-mentioned process,
heat treatment, plasma treatment, etc. for improving crystal-
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linity and quality of each film or for improving quality of an
interface with an adjacent film.

Although photolithography and dry etching were used as
the manufacturing method of the structure of this first
embodiment, publicly known methods of performing photo-
lithography such as electron beam lithography and etching,
and processing nanoimprint, etching using nano particles as a
mask, etc. on a flat surface of the substrate 1 or a film formed
on the flat surface of the substrate 1, and publicly known
methods of making the nanopillars grow by a VLS (Vapor-
Liquid-Solid) method etc. on the flat surface of the substrate
1 can also be used. In the manufacturing method by lithogra-
phy and etching, especially in the case where “height/diam-
eter” of the nanopillar, i.e., an aspect ratio, is two or more, it
is desirable to first form a hard mask on the substrate 1, then
to apply a resist, and to perform lithography. Especially, in the
case where the substrate 1 is Si, it is desirable to use a two-
layer structure comprised of Si0, and amorphous Si stuck in
this order from the near side to the substrate 1 as the hard
mask. In that case, it is desirable to perform processing by dry
etching amorphous Si and the Si substrate using a gas whose
main component is HBr and by dry etching SiO, using a gas
whose main component is CHF;, respectively. In the manu-
facturing method by the VLS method, it is desirable to form a
substance having a catalytic effect required for growth of the
nanopillar as necessary.

As a result of manufacturing the solar cell that has the
nanopillars of the structure shown in FIG. 2 to FIG. 4 by the
method described above, an excellent characteristic was
obtained.

As mentioned above, according to this embodiment, it is
possible to provide the solar cell that can prevent reflection
within the broad wavelength region of solar light by equip-
ping the substrate with the nanopillars having different diam-
eters.

Second Embodiment

A second embodiment will be described using FIG. 5, FIG.
6,and FIG. 13. Incidentally, particulars that were described in
the first embodiment and are not described in this embodi-
ment can be applied to this embodiment unless there are
special circumstances.

FIG. 5 is a sectional view of a surface structure of a solar
battery cell according to a second embodiment of the present
invention. Speaking a difference from the first embodiment,
the structure of the first embodiment is characterized by being
configured with multiple nanopillars having different diam-
eters, whereas the structure of the second embodiment is
characterized by being configured with multiple nanopillars
having both different diameters and different heights. FIG. 5
shows a nanopillar array structure 41 comprised of two types
of nanopillars, i.e., a nanopillar 31 of diameter DD1 and
height HH1 and a nanopillar 32 of diameter DD2 and height
HH2. Incidentally, in this embodiment, a relationship of
diameters of the nanopillars and a relationship of the heights
thereof were set to DD1<DD2 and HH1<HH2, respectively.
Moreover, although in FIG. 5, the configuration was specified
so that an inter-nanopillar gap GG has a constant value every-
where in the plane, the structure of this second embodiment
shall also include a structure where the value of the inter-
nanopillar gap GG takes multiple values in the plane like the
case of the first embodiment.

FIG. 6 is a top view of the surface structure of the solar
battery cell according to this second embodiment. Although
FIG. 6 shows a structure in which the nanopillar 31 of diam-
eter DD1 and height HH1 and the nanopillar 32 of diameter
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DD2 and height HH2 are arranged in the shape of a checkered
pattern, a structure comprised of another arrangement pattern
such as a triangular grid may be used.

According to this second embodiment, it is possible to
realize the solar battery cell that has the nanopillar array
structure capable of preventing reflection within the broad
wavelength region of solar light like the first embodiment,
and to realize a reflectivity lower than that of the structure of
the first embodiment. First, the former effect will be
described. In the structure shown in FI1G. 5, FIG. 13 (a) shows
acalculation result of a reflectivity spectrum ofa Si nanopillar
array structure of DD1=40 nm, DD2=120 nm, HH1=200 nm,
HH2=600 nm, and GG=40 nm. This Si nanopillar array struc-
ture is comprised of the Si nanopillar array structure of 40 nm
in diameter, 200 nm in height, and 40 nm in inter-nanopillar
gap and a Si nanopillar array structure of 120 nm in diameter,
600 nm in height, and 120 nm in inter-nanopillar gap. A
reflectivity spectrum of the former is shown in FIG. 11 (a),
and a reflectivity spectrum of the latter is shown in FIG. 11
(e), respectively. It is understood that the reflectivity spectrum
shown in FIG. 13 (a) has all the points of minimum reflectiv-
ity seen in the reflectivity spectra shown in FIG. 11 (a) and
FIG. 11 (e). This has shown that it is possible to realize the
solar battery cell that has the nanopillar array structure
capable of preventing reflection within the broad wavelength
region of solar light by the structure of this second embodi-
ment like the first embodiment. However, realization of the
solar battery cell that has the nanopillar array structure
capable of preventing reflection within the broad wavelength
region of solar light like the first embodiment by the structure
of this second embodiment comes with the following condi-
tions. FIG. 13 (b) shows a light intensity distribution in a
region of the inter-nanopillar gap when light of the wave-
length of 460 nm is made to be incident on the Si nanopillar
array structure of 120 nm in diameter, 600 nm in height, and
120 nm in inter-nanopillar gap in a direction shown in FIG. 9.
Generally, when light is made to be incident on the nanopillar
array structure, stationary waves occur in the region of the
inter-nanopillar gap. Denoting a height direction of the nano-
pillar as a z-direction, the stationary waves occur discretely in
a space, at z=21, 72, 73 . . . . However, denoting the upper
surface of the nanopillar as z=0, the height of the nanopillar as
H, and an interface between the nanopillar and the substrate
as z=H, 0<Z1<72<73< ... <H holds. In FIG. 13 (), these
parameters are Z1=60 nm, Z2=270 nm, and Z3=480 nm.
Here, the stationary waves occurring at z=721, 72 . . . shall be
called a first stationary wave, a second stationary wave,
and . . ., respectively. At the time of 0<H<Z1, no stationary
waves exist, at the time of Z1<H<Z2, only the first stationary
wave exists, and at the time of Z2<H<Z3, the first stationary
wave and the second stationary wave exist. In order to per-
form antireflection by the nanopillar array structure, it is
required for at least the first stationary wave to exist. In the
structure of this second embodiment, as shown in FIG. 5, the
nanopillar 31 of diameter DD1 and height HH1 is formed in
an inter-nanopillar gap region between the nanopillars 32 of
diameter DD2 and height HH2. At this occasion, denoting a
top surface of the nanopillar 31 of diameter DD1 and height
HH1 on the nanopillar 32 of diameter DD2 and height HH2 as
7=0, denoting an interface between the nanopillar 32 of diam-
eter DD2 and height HH2 and the substrate 1 as z=HH1+
HH2, and denoting occurrence positions of the stationary
waves as z=z1, z2, 73, . . ., in order to fulfill the condition
described above that at least the first stationary wave exists,
Z1<HH2 needs to hold. Therefore, summarizing the condi-
tion to realize the solar battery cell that has the nanopillar
array structure capable of preventing reflection within the
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broad wavelength region of solar light like the first embodi-
ment by the structure of this second embodiment, it goes that
a difference of height between multiple nanopillars that are
included in the structure of this second embodiment needs to
be at least large enough to allow the first stationary wave to
exist in the inter-nanopillar gap region.

Next, a point that a reflectivity lower than that of the struc-
ture of the first embodiment among effects of the structure of
this second embodiment is realizable will be described. As
described above, in the case of the structure of the first
embodiment, the average reflectivity of the Si nanopillar
array structure of D1=40 nm, D2=120 nm, H=200 nm, and
G=40 nm in FIG. 1 was 11.5%. On the other hand, in the case
of the structure of this second embodiment, the average
reflectivity of the Si nanopillar array structure of DD1=40
nm, DD2=120 nm, HH1=200 nm, HH2=600 nm, and GG=40
nm in FIG. 5was 7.1%. That is, even when values of two types
of diameters are the same, the structure of this second
embodiment has an average reflectivity lower than that of the
structure of the first embodiment. This reason results from a
different of the number of nanopillars contained in the unit
structure of the nanopillar array. In the case of the structure of
the first embodiment, the unit structure of the nanopillar array
indicates a region between the dashed line Al and the dashed
line B1inFIG. 1, and in the case of the structure of this second
embodiment, it indicates a region between a dashed line A2
and a dashed line B2 in FIG. 5. When paying attention to the
number of the nanopillars contained in these unit structures,
although the nanopillar having a large diameter is unity in
both structures of the first embodiment and this second
embodiment, the nanopillar having a small diameter is only
unity in the structure of the first embodiment, whereas the
nanopillars are three in the structure of this second embodi-
ment. As described above, since the stationary waves occur in
the inter-nanopillar gap in the nanopillar array structure,
remarkable optical absorption occurs on the side of the nano-
pillar. Therefore, increasing the number of the nanopillars
leads to enhancement of the antireflection effect by bringing
out increment of the amount of absorbed light, i.e., reduction
of the amount of light reflected to the outside.

Summarizing the above, although the structure of this sec-
ond embodiment has no difference from the structure of the
first embodiment in terms of being comprised of multiple
nanopillars having different diameters, it is possible to realize
a lower reflectivity by increasing the number of the nanopil-
lars contained in the unit structure than the structure of the
first embodiment.

As the manufacturing method of the structure of this sec-
ond embodiment, there are: a method of performing lithog-
raphy such as electron beam lithography and etching, and
processing nanoimprint, etching using nano particles as a
mask, etc. on the flat surface of the substrate 1 like the manu-
facturing method of the structure of the first embodiment; and
amethod of making the nanopillars grow on the flat surface of
the substrate 1 by the VLS (Vapor-Liquid-Solid) method etc.
In this second embodiment, in order to form multiple nano-
pillars having different heights, for example, it is necessary to
take a method of performing lithography and etching over
multiple times.

By the method described above, the excellent characteris-
tic was obtained as a result of manufacturing the solar cell that
has the nanopillars of a configuration shown in FIG. 5.

As described above, according to this embodiment, the
same effect as that of the embodiment can be attained. More-
over, by disposing a ring whose width is equal to the diameter
of'the small nanopillar and whose height is equal to the height
of'the small nanopillar in a surrounding on the pillar having a
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large diameter, it is possible to realize the unit structure of the
nanopillar array structure with a reflectivity lower than that of
the first embodiment.

Third Embodiment

A third embodiment will be described using FIG. 7, FIG. 8,
FIG. 15, and FIG. 16. Incidentally, particulars that were
described in the first or second embodiment and are not
described in this embodiment can also be applied to this
embodiment unless there are special circumstances.

FIG. 7 is a sectional view of a surface structure and its
impurity layer of a solar battery cell according to a third
embodiment of the present invention. The structure shown in
FIG. 7 is a structure that is made by forming an impurity layer
2 on the surface structure of the solar battery cell according to
the first embodiment, and is characterized in that the interface
of'a pn junction of the n-type semiconductor substrate 1 and
the p-type impurity layer 2 is flat over in the plane. Although
in this embodiment, the substrate is made n-type and the
impurity layer is made p-type, the substrate and the impurity
layer can be made p-type and n-type, respectively. Inciden-
tally, in the case of the pin junction, the interface of the pin
junction is flat. Moreover, in order to attain an effect of this
third embodiment that will be described later, it is character-
ized by the height of the nanopillar being less than or equal to
500 nm. Moreover, although FIG. 7 shows the case where the
surface structure of the solar battery cell is the structure of the
first embodiment, in order to attain the effect of this third
embodiment, the surface structure of the solar battery cell
may be the structure of the second embodiment. In that case,
it is characterized in that among multiple nanopillars having
different heights in the structure of the second embodiment, a
pn junction interface of the substrate 1 and the impurity layer
2 is flat and a height of at least one nanopillar is less than or
equal to 500 nm.

According to this third embodiment, in the solar battery
cell that has the nanopillar array structure on its surface, it is
possible to set so that a transverse direction resistance of the
impurity layer 2 may be identical to that of the case of the
solar battery cell whose surface is a flat surface, and the
number of photocarriers occurring in the impurity layer 2
may be within a range of one to 1.33 times that of the case of
the solar battery cell whose surface is a flat surface. Below,
these effects will be explained.

The impurity layer 2 plays a role of being an impurity layer
comprised of the pn junction or pin junction of the solar
battery cell. Generally, inside the solar battery cell, an elec-
tron hole pair is generated by the optical absorption, subse-
quently the electron and the hole separate, and they move to
mutually different electrodes, whereby electric power is gen-
erated. When the electron and the hole move to the mutually
different electrodes in a process among those processes, the
electron when the impurity layer 2 is the n-type semiconduc-
tor or the hole when the impurity layer 2 is the p-type semi-
conductor moves in the impurity layer 2 in a transverse direc-
tion, respectively. The electric resistance accompanying
migration of the electron or hole in the transverse direction at
this time is called a transverse migration resistance of the
impurity layer 2. The transverse migration resistance of the
impurity layer 2 is included in a part of a series resistance of
the solar battery cell. In order to prevent characteristics deg-
radation of the solar cell, reduction of a series resistance is
required and, for that purpose, a lower transverse migration
resistance of the impurity layer 2 is desirable. The transverse
migration resistance of the impurity layer 2 can be reduced by
increasing the film thickness of the impurity layer 2. How-
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ever, an increase of the film thickness of the impurity layer 2
causes the number of photocarriers that occur and recombine
in the impurity layer 2 to increase, which brings about the
characteristics degradation of the solar battery cell. There-
fore, the transverse migration resistance of the impurity layer
2 and the number of photocarriers occurring in the impurity
layer 2 are in a mutual trade-off relationship, and it is required
to set up the film thickness of the impurity layer 2 so as to
optimize the characteristics of the solar cell in this relation-
ship.

Shapes of the impurity layer 2 in the solar battery cell that
has the nanopillar array structure on its surface are the fol-
lowing two shapes. One is a structure of this third embodi-
ment shown in FIG. 7, and another is a structure shown in
FIG. 8. Below, the structure of the solar battery cell shown in
FIG. 81is called a structure of the other solar battery cell of this
third embodiment. A structure of the other solar battery cell is
one such that a p-type impurity layer 2 is formed by perform-
ing isotropic diffusion of a p-type impurity on the surface
structure of the solar battery cell according to the first
embodiment, and is characterized in that an interface of the pn
junction of the n-type substrate 1 and the p-type impurity
layer 2 is formed along a surface shape of the nanopillar array
structure. The structure of the solar battery cell shown in FIG.
7 and the structure ofthe other solar battery cell shown in FIG.
8 have an equal film thickness of the impurity layer 2 in a
region where no nanopillars exist. Below, in the structure of
the solar battery cell shown in FIG. 7, the film thickness of the
impurity layer 2 in the region where no nanopillars exist is
denoted as LD. A difference between the structure of the solar
battery cell shown in FIG. 7 and the structure of the other solar
battery cell shown in FIG. 8 is a shape of the impurity layer 2
inside the nanopillar. In the structure of the solar battery cell
shown in FIG. 7, the impurity layer 2 includes the whole
nanopillars, and is further formed in a region under the nano-
pillars throughout a depth LD. On the other hand, in the
structure of the other solar battery cell shown in FIG. 8, the
impurity layer 2 is formed along the surface shape of the
nanopillar array structure throughout the depth LD, and a
region other than the impurity layer 2 exists in the inside of the
nanopillar. Incidentally, although the structure of the solar
battery cell shown in FIG. 7 can be realized not depending on
a value of the film thickness LD of the impurity layer 2, the
structure of the other solar battery cell shown in FIG. 8 can be
realized only in the case of LD<D/2 and LD<H.

How the transverse migration resistance of the impurity
layer 2 and the number of photocarriers occurring in the
impurity layer 2 vary both in the structure of the solar battery
cell shown in FIG. 7 and in the structure of the other solar
battery cell shown in FIG. 8 in comparison with the case of the
solar battery cell whose surface is a flat surface will be
described. Here, in the solar battery cell whose surface is a flat
surface, the impurity layer 2 of depth LD shall be formed over
in the plane. As described above, since in the structure of the
solar battery cell shown in FIG. 7, the interface of the pn
junction of the substrate 1 and the impurity layer 2 becomes
flat over in the plane, the migration length when an electron or
hole moves in the impurity layer 2 in the transverse direction,
i.e., the transverse migration resistance of the impurity layer
2, becomes identical to that ofthe case of the solar battery cell
whose surface is a flat surface. On the other hand, the film
thickness of the impurity layer 2 becomes LD in a region
where no nanopillars exist and becomes H+LLD in a region
where the nanopillars exist. Among these, in the region where
the nanopillars exist, the film thickness of the impurity layer
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2 increases compared with the solar battery cell whose sur-
face is a flat surface, and therefore the number of photocarri-
ers occurring in the impurity layer 2 increases. On the other
hand, in the structure of the other solar battery cell shown in
FIG. 8, the impurity layer 2 exists along the surface shape of
the nanopillar array structure throughout the depth LD. As a
result, the migration length when an electron or hole migrates
in the impurity layer 2 in the transverse direction is long
compared with the case of the solar battery cell whose surface
is a flat surface. For this reason, the transverse migration
resistance of the impurity layer 2 becomes high compared
with the case of the solar battery cell whose surface is a flat
surface. On the other hand, the thickness of the impurity layer
2 from the nanopillar array structure surface is LD every-
where in the plane. For this reason, the number of photocar-
riers occurring in the impurity layer 2 is few compared with
the case of the structure of the solar battery cell shown in FIG.
7. However, if an incident direction of solar light as shown in
FIG. 9 is assumed, the impurity layer 2 formed on a sidewall
part of the nanopillar will be equivalent to a film thickness of
the nanopillar of height H. As described above, since LD<H
holds in the structure of the other solar battery cell shown in
FIG. 8, a fact that the film thickness of the impurity layer 2
formed on the sidewall part of the nanopillar means that the
sidewall part of the nanopillar is an impurity layer thicker than
another region in the plane. Therefore, in the structure of the
other solar battery cell shown in FIG. 8, the number of pho-
tocarriers occurring in the impurity layer 2 is not identical to
that of the case of the solar battery cell whose surface is a flat
surface.

What was described above will be quantified. The trans-
verse migration resistance of the impurity layer 2 in the solar
battery cell that has the nanopillar array structure and the
number of photocarriers occurring in the impurity layer 2 are
denoted by R and N, respectively, and the transverse migra-
tion resistance of the impurity layer 2 in the solar battery cell
whose surface is a flat surface and the number of photocarri-
ers occurring in the impurity layer 2 are denoted by RO and
NO, respectively. Results of calculating R/RO and N/NO by
assuming a two-dimensional model are shown in FIG. 14 and
FIG. 15, respectively. In either one of the figures, a solid line
corresponds to the case of the structure of the solar battery cell
shown in FIG. 7, and a dashed line corresponds to the case of
the structure of the other solar battery cell shown in FIG. 8,
respectively. As described above, in the case of the structure
of the solar battery cell shown in FIG. 7, R/RO is small and
N/NO is large compared with the case of the structure of the
other solar battery cell shown in FIG. 8. The R/RO and the
N/NO are all dependent on the dimension parameters of the
nanopillar array structure. To be specific, the larger the H/D,
i.e., an aspect ratio of the nanopillar, the larger the R/RO
becomes; the larger the H, the larger the N/NO becomes. Here,
D is a diameter of the nanopillar and may be either D1 or D2
in the solar battery cell that has the nanopillar array comprised
of multiple nanopillars having different diameters like the
structures of the solar battery cell in FIG. 7 and of the other
solar battery cell shown in FIG. 8.

In the structure of the solar battery cell shown in FIG. 7,
R/RO=1 holds irrespective of the aspect ratio of the nanopillar
from FIG. 14, and the transverse migration resistance of the
impurity layer 2 does not increase compared with the case of
the solar battery cell whose surface is a flat surface, as
described above. Moreover, as described above, since the
structure of the solar battery cell shown in FIG. 7 is charac-
terized by the height H of the nanopillar being less than or
equal to 500 nm, 1<N/N0<1.33 holds from FIG. 15. That is,
the number of photocarriers occurring in the impurity layer 2
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can be controlled within a range of one to 1.33 times that of
the case of the solar battery cell whose surface is a flat surface.
Thus, even in the case of the solar battery cell that has the
nanopillar array structure on its surface, by using the structure
of the solar battery cell shown in FIG. 7, it is possible to
suppress the transverse migration resistance of the impurity
layer 2 and the characteristics degradation of the solar cell
resulting from the number of photocarriers occurring in the
impurity layer 2 to a minimum compared with the case of the
solar battery cell whose surface is a flat surface. Also in the
other solar battery cell shown in FIG. 8, the number of pho-
tocarriers is large compared with the conventional case from
FIG. 15. However, the transverse migration resistance is
dependent on H/D from FIG. 14. Therefore, it is possible to
improve the characteristics also in the other solar battery cell
shown in FIG. 8 by adopting a configuration that makes this
value small.

Moreover, in the solar battery cell, it is usual that the
passivation film is formed on the surface of the impurity layer
2. Although a main role of the passivation film is to terminate
a dangling bond, in addition to it, what is called an electric
field effect passivation that fixed electric charges contained in
the passivation film suppress interface recombination by
exerting a Coulomb force on minority carriers in the impurity
layer 2 is being studied actively in recent years. In the solar
battery cell that has the nanopillar array structure on its sur-
face, more effective electric-field effect passivation compared
with the case of the solar battery cell whose surface is a flat
surface is realizable by setting up an amount of fixed electric
charges so that the distance over which the electric-field effect
passivation spreads may become equivalent to or more than
the diameter of the nanopillar.

The formation methods of the impurity layer 2 include
impurity diffusion methods such as ion implantation, a vapor
phase diffusion method, and a solid phase ditfusion method,
and film formation methods such as the CVD method, the
sputtering method, the epitaxy method, and the vapor depo-
sition method. According to the former method, a material of
the impurity layer 2 and a material of the substrate 1 are the
same; according to the latter method, the material of the
impurity layer 2 and the material of the substrate 1 may be the
same or may be different. When forming the structure of the
solar battery cell shown in FIG. 7, it is desirable to first form
the impurity layer 2 and subsequently to form the nanopillar
array structure by the processing method described in the first
embodiment. Incidentally, when forming the structure of the
other solar battery cell shown in FIG. 8, it is desirable to first
form the nanopillar array structure and subsequently to form
the impurity layer 2 by the impurity diffusion method.

As described above, the invention made by the present
inventors was concretely explained based on the embodi-
ments, but the present invention is not limited to the above-
mentioned embodiments, and can be variously modified
within a range not departing from its gist. For example, the
above-mentioned embodiments were explained in detail in
order to explain the present invention plainly, and the present
invention is not necessarily limited to one that has all the
configurations so far explained. Moreover, it is also possible
to replace a part of a configuration of a certain embodiment
with a configuration of another embodiment, and it is also
possible to add a configuration of the other embodiment to the
configuration of the certain embodiment. Moreover, regard-
ing a part of the configuration of each embodiment, it is
possible to add, delete, and replace the other configuration.
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LIST OF REFERENCE SIGNS

1...Substrate, 2 . .. Impurity layer, 3 .. . Solar light, 4 . . .
Nanopillar, 11 . . . Nanopillar of diameter D1, 12 . . .
Nanopillar of diameter D2, 13 . . . Nanopillar of diameter
D3, 14 ... Nanopillar of diameter D4, 15 . . . Nanopillar of
diameter D5, 16 . . . Nanopillar of diameter D6, 17 . . .
Nanopillar of diameter D7, 18 . . . Nanopillar of diameter
D8, 21 . . . Nanopillar array structure comprised of two
types of nanopillars having different diameters, 22 . . . First
nanopillar array structure comprised of three types of
nanopillars having different diameters, 23 . . . Second
nanopillar array structure comprised of three types of
nanopillars having different diameters, 31 . . . Nanopillar of
diameter DD1 and height HH1, 32 . . . Nanopillar of diam-
eter DD2 and height HH2, 41 . . . Nanopillar array structure
comprised of two types of nanopillars having different
diameters and different heights, respectively

The invention claimed is:

1. A solar cell, comprising:

a substrate;

a plurality of first cylindrical pillars connected with the
substrate; and

a plurality of second cylindrical pillars connected with the
substrate,

wherein a diameter of the second pillar is larger than a
diameter of the first pillar,

wherein the plurality of first cylindrical pillars are arranged
periodically, and the plurality of second cylindrical pil-
lars are arranged periodically, and

wherein the second pillar is disposed between at least two
collinear ones of the plurality of first cylindrical pillars.

2. The solar cell according to claim 1,

wherein the diameter of the first pillar is not less than 20 nm
and less than 50 nm, and the diameter of the second pillar
is not less than 50 nm and not more than 150 nm.

3. The solar cell according to claim 2,

wherein both a height of the first pillar and a height of the
second pillar are not less than 100 nm and not more than
1000 nm.

4. The solar cell according to claim 3,

wherein a gap between the first pillar and the second pillar
is not less than %5 times the diameter of the first pillar and
is not more than five times the diameter of the second
pillar.

5. The solar cell according to claim 4,

wherein the substrate is a substrate having a first conduc-
tion type,

wherein the solar cell further comprises an impurity layer
of a second conduction type different from the first con-
duction type that is formed on a part of the substrate, the
first pillar, and the second pillar, and

wherein an interface of a pn junction or pin junction that is
formed with the substrate and the impurity layer is flat.

6. The solar cell according to claim 5,

wherein the height of the first pillar is less than or equal to
500 nm, and the height of the second pillar is less than or
equal to 500 nm.

7. The solar cell according to claim 3, further comprising:

a plurality of third cylindrical pillars connected with the
substrate,

wherein a diameter of the third pillar exceeds the diameter
of the second pillar.

8. The solar cell according to claim 7,

wherein the diameter of the first pillar is not less than 20 nm
and less than 50 nm, the diameter of the second pillar is
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not less than 50 nm and less than 90 nm, and a diameter
of'the third pillar is not less than 90 nm and not more than
150 nm.

9. The solar cell according to claim 8,

wherein all of the gap between the first pillar and the
second pillar, a gap between the first pillar and the third
pillar, and a gap between the second pillar and the third
pillar are each not less than % times the diameter of the
first pillar and not more than 5 times the diameter of the
third pillar.

10. The solar cell according to claim 3, further comprising:

aplurality of fourth cylindrical pillars each connected with
the substrate through the second pillar; and

a plurality of fifth cylindrical pillars each connected with
the substrate through the second pillar and being differ-
ent from the fourth pillar,

wherein the diameter of the second pillar exceeds a diam-
eter of the fourth pillar, and the diameter of the second
pillar exceeds a diameter of the fitth pillar.

11. The solar cell according to claim 10,

wherein the diameter of the fourth pillar is not less than 20
nm and less than 50 nm, and the diameter of the fifth
pillar is not less than 20 nm and less than 50 nm.
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12. The solar cell according to claim 11,

wherein a gap between the fourth pillar and the fifth pillar
is not less than ¥5 times the diameter of the fourth pillar
and not more than five times the diameter of the second
pillar.

13. The solar cell according to claim 1,

wherein the plurality of first cylindrical pillars and the
plurality of second cylindrical pillars are arranged in a
checkerboard pattern.

14. A solar cell, comprising:

a pn junction or pin junction;

a first pillar having a first diameter;

a second pillar having a second diameter that is different
from the first diameter; and

a plurality of array unit structures each comprising the first
pillar and the second pillar,

wherein each array unit structure is arranged periodically
with respect to other array unit structures.

15. The solar cell according to claim 14,

wherein the unit structure of the array further contains a
third pillar whose diameter is different from those of the
first and second pillars.
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